is reduced (Sim et al., 1996) . Finally, regulation of the K ϩ channels themselves has been implicated (Kovoor et al., 1995) .
The mechanism by which chronic opiate exposure leads to up-regulation of the cAMP pathway in LC neurons is the focus of ongoing investigation. One model, depicted in Figure 1 , proposes a role for the transcription factor cAMP response element-binding protein (CREB). Levels of CREB are increased in the LC following chronic morphine administration (Widnell et al., 1994) . This raises the possibility that increases in CREB contribute to up-regulation of the other cAMP pathway proteins and thereby to the effects of chronic opiates on the electrophysiological state of LC neurons and their behavioral manifestations. The current challenge is to study this possibility directly. For example, intra-LC administration of antisense oligonucleotides to CREB, or genetic mutant mice deficient in CREB, would be expected to show diminished effects of chronic opiates in the LC, whereas viral-mediated increases in CREB expression in this brain region would be expected to mimic some of the effects of chronic opiates. Work along these lines is underway in several laboratories.
Activation of the LC during opiate withdrawal also depends upon factors extrinsic to the LC, namely an Akaoka et al., 1991; . The factors that and/or Go and by decreasing a Na many molecular adaptations responsible for opiate tolmorphine in the LC. Chronic morphine increases levels of adenylyl erance and dependence at the cellular level (Childers, cyclase, PKA, and several phosphoproteins, including CREB. These changes contribute to the altered phenotype of the drug-addicted 1991).
state. For example, the intrinsic excitability of LC neurons is increased via enhanced activity of the cAMP pathway and Na ϩ -dependent inward current, which contributes to the tolerance, depenMotivational Dependence and the Mesolimbic dence, and withdrawal exhibited by these neurons. This altered Dopamine System phenotypic state may be maintained in part by up-regulation of As mentioned above, the mesolimbic dopamine system CREB expression.
plays an important role in acute opiate reinforcement and the changes in reinforcement mechanisms that characterize addiction. This neural system consists of tolerance in LC neurons, since up-regulation of the cAMP pathway would not appear to explain the dimindopaminergic neurons in the ventral tegmental area (VTA) and the limbic brain regions to which they project, ished ability of opiate agonists to activate K ϩ channels, which occurs independently of this pathway. Several such as the nucleus accumbens (NAc) and prefrontal cortex. possibilities exist but have yet to be directly implicated in the LC or another in vivo system. Opioid receptors
The mesolimbic dopamine system is thought to regulate motivational behavior to natural reinforcers such may be functionally uncoupled from their G proteins, perhaps through phosphorylation of the receptors or G as food and sex. The changes that chronic opiate exposure elicits in the VTA and NAc that are responsible protein subunits. For example, opioid receptors can be desensitized upon phosphorylation by G protein recepfor motivational dependence remain poorly understood. Acutely, opiates increase dopaminergic signals to the tor kinases (e.g., ␤ARK; Pei et al., 1995) , and such kinases are up-regulated in the LC following chronic morNAc via activation of VTA dopamine neurons. This activation occurs indirectly through inhibition of inhibitory phine treatment . Opiate-induced down-regulation of Gi/o␣ subunits, which has been obGABAergic interneurons in the VTA (Johnson and North, 1992) . Opiates also directly affect NAc neurons indepenserved in several neuronal cell types, could also be involved. Although G i/o ␣ immunoreactivity in the LC is indently of dopamine via activation of opioid receptors expressed by these neurons. The relative contribution of creased by chronic morphine exposure, the functioning of the proteins, based on measures of GTPase activity, these two sites of opiate action to the acute reinforcing action elsewhere, adaptations in intracellular signaling pathways have been illuminating.
Up-Regulation of the cAMP Pathway in the NAc
Chronic morphine treatment increases levels of adenylyl cyclase and PKA in the NAc, as observed in the LC Self and Nestler, 1995) . There is also a reduction in levels of G i/o ␣ subunits, which would further increase cAMP function. Similar effects are seen upon chronic self-administration of heroin or chronic exposure to other drugs of abuse. Up-regulation of the cAMP pathway has been related directly to the acute reinforcing effects of opiates. Direct administration of agents into the NAc that inhibit Gi/o or activate protein kinase reduces the acute reinforcing effects of opiates (Self et al., 1994; Self and Nestler, 1995) . Agents that produce the opposite effect potentiate opiate reinforcement. These findings are consistent with the view that up-regulation of the cAMP pathway that occurs in response to chronic opiate exposure could be one mechanism of tolerance and dependence to the motivational effects of opiates ( Figure 2) ; this adaptation would oppose acute opiate reinforcement as well as lead to an aversive motivational state during opiate withdrawal.
One of the challenges in delineating the functional cAMP pathway and other adaptations occur and how these adaptations alter the functioning of these neurons as well as the neural circuits in which they operate. effects of opiates remains unknown (Wise, 1990; Koob, Adaptations in the VTA 1992). Nevertheless, the intensity and duration of these The changes elicited by chronic opiate exposure in the acute actions of opiates, which would mediate a drug VTA are more complex. Chronic drug treatment induces "high," far exceed the activation of the VTA-NAc that higher levels of tyrosine hydroxylase (the rate-limiting occurs under normal conditions. This opioid-mediated enzyme in the biosynthesis of dopamine) and of specific activation could elicit compensatory adaptations in VTA glutamate receptor subunits in this region (Nestler et and NAc neurons to counter or impair the acute reactival., 1993; Fitzgerald et al., 1996) . Moreover, there appear ity of these systems (Figure 2) . Such adaptations could to be major structural adaptations, perhaps even neural underlie motivational dependence by causing deficient injury, within this brain region. Chronic opiate exposure, VTA-NAc function and thereby an aversive state during including self-administered heroin, decreases levels of periods of drug withdrawal, changes alleviated by furneurofilament proteins and increases levels of glial fibrilther drug exposure.
lary acidic protein specifically in this brain region. As Despite considerable effort, it has not been possible would be expected, the reduction in neurofilament proto fully account for alterations in VTA-NAc functioning, teins is associated with impaired axoplasmic transport or the related behavioral phenomena, at the level of from the VTA to the NAc as well as with a reduction in neurotransmitters and receptors (Koob, 1992 ; Self and the mean size of individual VTA dopamine neurons (Self . There is some consensus that levels of Sklair-Tavron et al., 1995, Soc . Neuextracellular dopamine in the NAc, as measured by in rosci., abstract). Studies of the chronic actions of opivivo microdialysis, may be diminished during early ates on the physiological activity of the VTA are needed phases of opiate withdrawal and potentiated during later to complement these findings. Nevertheless, the obphases, but little is known about the molecular and celluserved adaptations are consistent with a gross impairlar adaptations that might underlie such phenomena. ment of VTA dopamine neurons, which, like up-regulaSimilarly, consistent changes in opioid or dopamine retion of the cAMP pathway in the NAc, can be viewed ceptors following long-term opiate exposure have not as a compensatory response to acute opiate activation of the cells (Figure 2 ). Such impairment in VTA function been observed. In contrast, as with studies of opiate could then contribute to motivational dependence and ways that go far beyond regulation of endogenous opioid peptides and opioid receptors or other neurotransan aversive state during opiate withdrawal. mitter receptor systems. Increasing evidence supports Neurotrophic Factors and Opiate Dependence a role for adaptations in the cAMP pathway as one imThe nature of opiate-induced neural plasticity observed portant molecular mechanism of opiate tolerance and in the VTA suggests a potential role for neurotrophic dependence. Adaptations in many other signaling pathfactors in these phenomena. Neurotrophic factors, always are also likely to be involved. One example is though studied originally for their role in neural growth opiate regulation of the neurotrophin-ERK signaling and development, are now known to regulate signal cascade and its possible role in mediating some of the transduction and neuronal viability in the fully differentilong-term effects of opiates on the brain. Opiateated adult brain. Indeed, recent studies have demoninduced changes in the structural features of VTA dopastrated that certain neurotrophic factors can pharmacomine neurons further highlight the complex types of logically modify opiate action in the mesolimbic adaptations that are elicited in the brain by chronic drug dopamine system (Berhow et al., 1995) . Administration exposures. Indeed, these structural changes lend supof brain-derived neurotrophic factor (BDNF) or related port to growing evidence for neural plasticity in the brain neurotrophins, directly into the VTA, both prevents and that is detectable at the anatomical level. The availability reverses some of the effects that opiates elicit in this of accurate animal models of opiate addiction enable brain region (e.g., induction of tyrosine hydroxylase and the exploration of these various mechanisms of neural glial fibrillary acidic protein and structural changes in plasticity within functional and clinically relevant con-VTA dopamine neurons). Intra-VTA infusions of BDNF texts. also attenuate up-regulation of the cAMP pathway observed in the NAc.
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